To date, cloned farm animals have been produced by nuclear transfer from embryonic, fetal, and adult cell types. However, mice completely derived from embryonic stem (ES) cells have been produced by aggregation with tetraploid embryos. The objective of the present study was to generate offspring completely derived from bovine ES-like cells. ES-like cells isolated from the inner cell mass of in vitro-produced embryos were aggregated with tetraploid bovine embryos generated by electrofusion at the 2-cell stage. A total of 77 embryo aggregates produced by coculture of two 8-cell-stage tetraploid embryos and a clump of ES-like cells were cultured in vitro. Twenty-eight of the aggregates developed to the blastocyst stage, and 12 of these were transferred to recipient cows. Six calves representing 2 singletons and 2 sets of twins were produced from the transfer of the chimeric embryos. Microsatellite analysis for the 6 calves demonstrated that one calf was chimeric in the hair roots and the another was chimeric in the liver. However, unfortunately, both of these calves died shortly after birth. Two of the placentae from the remaining pregnancies were also chimeric. These results indicate that the bovine ES-like cells used in these studies were able to contribute to development.
INTRODUCTION
Since Willadsen [1] reported that live lambs could be produced by the transfer of genetic material from blastomeres at the 8-cell stage into enucleated oocytes, cells from developmentally more-advanced embryo stages have been used as donors of genetic material, including cells of the inner cell mass (ICM) in both cattle [2] [3] [4] and sheep [5] . More recently Campbell et al. [6] succeeded in producing cloned sheep using a cultured differentiated cell population isolated from the embryonic disc of Day 9 ovine embryos. Since this report, live offspring have been produced by nuclear transfer using donor nuclei from fetal and adult cells in a range of species including sheep [7] , cattle [8] , mice [9] , and goats [10] . These breakthroughs have proven that the nuclei from somatic cells can be reprogrammed by a combination of cell starvation and the introduction of cells into enucleated metaphase II oocytes. In animals produced by nuclear transfer, the recipient cytoplasts are obtained from different donors, and studies have shown that in the resultant animals, the mitochondria are derived almost exclusively from the donor oocyte. Therefore, in a group of cloned animals, the mitochondrial DNA is not from the same source as the donor nucleus.
In contrast to this, Nagy et al. [11, 12] have reported the birth of mice completely derived from embryonic stem (ES) cells. In this case, the mitochondria would also be derived from the same cell as the nuclear genetic material. The technique used in these experiments (darning needle method), which involves the aggregation of ES cells with tetraploid embryos, has a number of advantages: technically, it does not require high skill levels or expensive equipment [13, 14] ; scientifically, the resultant animals could be classified as clones rather than genomic copies as produced by nuclear transfer. To use this approach in species other than the mouse, it is necessary to establish an ES or ES-like cell line and to prepare tetraploid embryos. In cattle, previous studies have reported the production of chimeric calves when ICM cells were either injected into the blastocoelic cavity [15] or aggregated with morula-stage embryos [16] . In addition, Saito et al. [17] succeeded in establishing a bovine ES-like cell line and producing a chimeric calf by aggregation with morula-stage embryos. More recently, Cibelli et al. [18] reported that transgenic bovine chimeras were produced from transgenic ES-like cells and transgenic somatic cell-derived stem-like cells microinjected into Day 3 embryos. This study also indicated that ES-like cells could be produced from somatic cell genomic material by nuclear transfer.
In a previous paper [19] , we reported that some bovine embryos produced by aggregation of 2 putative tetraploid embryos with either a clump of ICM cells or mammary epithelial cells developed to the blastocyst stage. In addition, the ICMs of these aggregates were derived partly or completely from the donor cells [19] . We report here that the chimeric calves can be produced from the aggregation of ES-like cells with tetraploid embryos.
MATERIALS AND METHODS

Preparation of 2-Cell Bovine Embryos
Two-cell-stage bovine embryos used to produce tetraploid embryos were prepared in vitro as described previously [20] . Briefly, F1 (Japanese Black Cattle ϫ Holstein breed) oocytes were matured in vitro in tissue culture medium (TCM) 199 (Gibco BRL, Gaithersburg, MD) supplemented with 5% fetal bovine serum (FBS) and then fertilized with frozen-thawed sperm of Japanese Black Cattle. Fertilized oocytes were cultured in microdrops of CR1aa medium supplemented with 5% FBS under mineral oil (Squibb, Princeton, NJ) at 38.5ЊC in a humidified gaseous atmosphere of 3% CO 2 in air. Embryos at the 2-cell stage were obtained at 28 to 30 h post insemination.
Production of Tetraploid Embryos
Electrofusion was carried out as described by Iwasaki et al. [21] , with a minor modification in the fusion medium. Briefly, 7-10 2-cell-stage embryos were washed in a solution containing 0.29 M D( Ϫ )-mannitol (Wako, Osaka, Japan), 0.1 mM magnesium sulfate, 0.05 mM calcium chloride, and 0.05% BSA. The washed embryos were then placed in the mannitol solution between the 2 platinum electrodes (1-mm gap) of the fusion chamber (BTX 450-1, San Diego, CA). Cell fusion was induced by application of 2 DC pulses of 1.0 kV/cm for 25 sec generated with an electric cell fusion processor (SSH-10, Shimadzu, Kyoto, Japan). The treated embryos were washed in CR1aa supplemented with 5% FBS and subsequently transferred into a drop of culture medium with cumulus cells. Embryos that fused within 1 h were later used as tetraploid embryos for aggregation with ES-like cells.
Culture of ES-like Cells and Preparation for Aggregation
An ES-like cell line designated as 137-cells was established from Day 9 blastocysts (obtained from oocytes collected from Holstein cows at a slaughterhouse) subjected to in vitro maturation, in vitro fertilization, and in vivo culture in a sheep oviduct [22] . ICMs were mechanically isolated and plated onto human fetal lung fibroblasts (MRC-5; American Type Culture Collection, Rockville, MD). Then the ICMs were mechanically subcultured several times every 5-7 days in a culture medium consisting of a mixture of Dulbecco's modified Eagle's medium (DMEM; Gibco BRL) and TCM 199 (1:1), 10% FBS, 2 mM L-glutamine, 1 mM minimum essential medium Eagle (MEM) nonessential amino acid solution (Gibco BRL), and 5 ϫ 10 2 units/ml of ESGRO (Gibco BRL). As shown in Figure 1a , 137-cells were cultured from passage 8 in our laboratory with the same culture medium. The 137-cells were cultured in the absence of a feeder layer at 37ЊC, in a humidified gaseous atmosphere of 5% CO 2 in air, and were trypsinized at 100% confluence to obtain clumps of 10-15 cells for the aggregation. The dish containing the 137-cells was first rinsed with PBS( Ϫ ), and then trypsin solution was added. The trypsin solution was immediately removed, and the cells were incubated for 30 sec. After the culture medium was added, some clumps of the 137-cells were picked up with a mouth-controlled pipette under a dissecting microscope and washed in CR1aa medium supplemented with 5% FBS.
Aggregation of the 137-Cells with Bovine Tetraploid Embryos
The 137-cells were aggregated with tetraploid embryos as described previously [19] . A small depression was made, using a darning needle (Clover 55-042, Osaka, Japan), in each 15-l droplet of CR1aa supplemented with 5% FBS. Putative tetraploid embryos were treated with 0.5% Pronase solution (Pronase E; Kaken Kagaku, Chiba, Japan) to remove zonae pellucidae. After the treated embryos were washed in CR1aa-supplemented 5% FBS, 2 zona-free tetraploid embryos at the same developmental stage were put in the depression. One clump of 137-cells washed in CR1aa supplemented with 5% FBS was then put into the depression to form a triangle with the 2 zona-free tetraploid embryos (Fig. 1b) . The aggregates were then cultured at 38.5ЊC in a humidified gaseous atmosphere of 3% CO 2 in air until the blastocyst stage.
Embryo Transfer to Recipient Cows
The aggregates that developed to blastocysts were transferred to recipient cows at 7 or 8 days after estrus. Embryos were transferred to recipients in a number of ways: 1) a single blastocyst to each uterine horn, 2) a single blastocyst to one uterine horn, or 3) transfer of 2 blastocysts to one uterine horn (see Table 2 ). Pregnancy was detected by ultrasound examination 28 to 31 days after the embryo transfer.
Chromosome Analysis of Lymphocytes from Calves
Heparinized blood was centrifuged at 2500 rpm for 10 min, and the lymphocyte layer was used for culture in TCM 199 supplemented with 10% FBS and phytohemagglutinin-M (2 g/ml) for 72 h at 37ЊC. Subsequently, lymphocyte cultures were treated with vinblastine (0.4 g/ml) for 5 h and then treated with hypotonic solution (0.9% trisodium citrate) for 8 min. The lymphocytes were fixed in a solution of acetic acid and methanol (1:3) overnight and then mounted on clean glass slides. Dried preparations were stained with 4% Giemsa solution for 3.5 min, and chromosome number and compositions were analyzed under a microscope with a magnification of 1000ϫ.
Microsatellite Analysis of Genomic DNA
Genomic DNA was extracted from the donor 137-cells, hair roots, liver, placenta, and testes. Microsatellite analysis was carried out using 12 primer sets designated BM2113, BM1824, SPS115, ETH3, ETH225, ETH10, TGLA227, TGLA126, TGLA122, MGTG4B, TGLA53, and SPS113. Polymerase chain reaction (PCR) was carried out under the following conditions: For BM2113, BM1824, and SPS115-93ЊC for 5 min for first denaturing, 33 cycles of denaturing, annealing, and extending (93ЊC for 1 min for denaturing, 55ЊC for 1 min for annealing, and 72ЊC for 1 min for extending), and 72ЊC for 10 min for final extension; for ETH3, ETH225, and ETH10-93ЊC for 5 min for first denaturing, 33 cycles of denaturing, annealing, and extending (93ЊC for 1 min for denaturing, 68ЊC for 1 min for annealing, and 72ЊC for 1 min for extending), and 72ЊC for 10 min for final extension; for TGLA227, TGLA126, TGLA122, MGTG4B, TGLA53, and SPS113-93ЊC for 5 min for first denaturing, 29 cycles of denaturing, annealing, and extending (93ЊC for 1 min for denaturing, 68ЊC for 1 min for annealing, and 72ЊC for 1 min for extending), and 72ЊC for 10 min for the final extension.
RESULTS
Bovine ES-like cells (137-cells) were cultured on gelatinized culture dishes without feeder layers to form a confluent monolayer. The 137-cells proliferated very slowly, requiring 7-8 days for a single population doubling. The morphology of the 137-cells is shown in Figure 1a . Unlike murine ES cells, the 137-cells formed a monolayer. The 137-cells were easily trypsinized to form a single cell suspension because of their morphology. Some clumps of loosely adhering cells were obtained after trypsinization, and these cells were used for the aggregation (Fig. 1b) .
In total, 18 trials were carried out to produce aggregates of 137-cells with tetraploid embryos (Table 1 ). The fusion rate of 2-cell embryos was 75.5% (723/957); 174 (24.1%) of fused tetraploid embryos developed to the compacted or compacting morula stage, and 28 (36.4%) of 77 aggregates developed to blastocysts. Twelve aggregates that developed to blastocysts were transferred to 7 recipient cows ( Table  2) . Four of 7 recipient cows became pregnant, and 6 calves representing 2 singletons and 2 sets of twins were produced. The birth weight of the first calf (Exp. No. 4, Calf 5.3 in Table 2 ) was 57 kg, which is approximately twofold the normal birthweight expected for Japanese black calves; Table 2 ) was 30 kg; however, this female calf died shortly after birth because of excessive bleeding from the umbilicus. The remaining calves are apparently normal and healthy. One set of twins consisted of a phenotypic male and female, and the remaining set of twins consisted of 2 phenotypic males. Chromosome analysis of the male and female twins showed their sex chromosome complement to be a mix of XX and XY, and chromosome numbers were a mixture of diploid and tetraploid cells. Chromosome analyses from the male twins showed diploid cells with XY. All calves showed black hair, suggesting that the origin is from the tetraploid embryos and not from the 137-cells (Fig. 2) . The results of microsatellite analysis of genomic DNA from the chimeric calves using 12 different primer sets are summarized in Figure 3 and Table 3 . The DNA spectra using the TGLA122 primer set illustrated in Figure 3 shows that ES-like cells are involved in chimera formation in all tissues presented here. Among the 6 calves, only 2 were chimeric (Calf 5.3 in the liver and Calf 9.4 in the hair roots), although ES-like cells contributed to the placenta in Calves 5.9-1 and 7.2-1. However, some of 12 markers used, in fact up to half (6/12), were not detected in the chimeric tissue (Table 3) . Contribution of ES-like cells was not observed in the testes from the 3 male calves.
DISCUSSION
We have produced chimeric calves from bovine ES-like cells (137-cells) aggregated with tetraploid embryos as judged by microsatellite DNA analysis although the calves were not clones. The results clearly indicate that the 137-cells are able to contribute to chimera formation, but at a very low level. A number of factors may account for these results. First, the proliferation rate of the 137-cells was extremely slow compared to that characteristic of murine ES cells. Bovine 137-cells were derived from ICM cells of Holstein cattle and during these studies were cultured from passage 8 to 15. For aggregation, the 137-cells were cultured on gelatinized dishes to confluence in the absence of feeder layers. The morphology of the 137-cells was unlike murine ES cells: they were flat and epithelial in appearance, similar to other cell populations isolated from sheep and pig embryos [23] [24] [25] [26] . The previously reported ovine embryo-derived cell line (TNT4) was cultured in medium supplemented with 0.5% FBS in order to induce to quiescence before nuclear transfer [6] . In nuclear transfer-reconstructed embryos, the oocyte cytoplasm may contain factors able to reprogram quiescent nuclei to control development [6, 7] . In this study, however, we did not induce quiescence in the 137-cells by serum deprivation. 137-cells were cultured to confluence on gelatinized dishes in order to obtain some clumps of cells after the trypsinization. Cibelli et al. [18] produced transgenic bovine chimeric offspring using bovine embryo-derived ES-like cells at passage 10 and reported that the ES-like cells contributed to gonadal tissue of the offsprings. In this study, 137-cells did not contribute to testis.
Second, there is a possibility that the electrofused embryos may not be completely tetraploid. In a previous study, 14.3% of morula embryos that developed after electrofusion of embryos at the 2-cell stage were diploid, not tetraploid [19] . These diploid cells in morula embryos may have overcome the other tetraploid cells and the 137-cells. Nagy et al. [12] selected 4-cell-stage embryos after electrofusion for aggregation of murine tetraploid embryos and ES cells; they obtained viable mice that were entirely ES cell-derived. As described in the previous paper [19] , when putative tetraploid embryos at the completely compacted morula stage were used for aggregation, it was difficult to form an aggregate. Therefore, in this study, we selected precompaction 8-cell-stage embryos for use in aggregation. However, it was assumed that putative tetraploid embryos after the electrofusion at the 2-cell stage did not develop as perfect tetraploid embryos as in mice. In preliminary analyses of chromosome constitution in the presumptive tetraploids, diploid blastomeres were observed. One explanation of this is that electrofused embryos may not develop as tetraploid because of cytoplasmic and nuclear division occurring in the absence of DNA replication.
In 4 of the 6 newborn calves, the 137-cells did not contribute to form the body although the placenta showed chimerism. This result suggests that the condition of the clump of 137-cells and the positional relationship with the tetraploid embryos may influence the contribution of the 137-cells to the ICM or trophectoderm. In the previous paper, we investigated the effects of the degree of clumping of donor cells, using ICM cells and mammary cells, and the positional relationship with tetraploid morula embryos on the efficiency of incorporation into the ICM [19] . If the donor cells formed a tight clump, it seems that these cells would contribute at least parts of ICM of the aggregates. It was assumed that the positional relationship of 2 tetraploid embryos and a clump of donor cells in a droplet are very important to produce complete aggregates. Hillman et al. [27] showed that each blastomere of 4-cell-stage mouse embryos placed on the outside surface of a mass of aggregated blastomeres formed a trophoblast. Therefore, they indicated that whether a cell can form an ICM or not was dependent upon the internal or external position after compaction. Nagy et al. [11, 12] used an alternative method of aggregation in the mouse, the ''Sandwich method,'' in which ES cells are located between 2 tetraploid embryos for aggregation. They showed that tetraploid embryos contributed to an extra-embryonic membrane [11] , and complete ES cell-derived offspring were produced [12] . In cattle, as described previously [19] , each putative tetraploid embryo tended to develop individually in the case of the Sandwich method. Therefore, we attempted to put the clump of the 137-cells into a depression to form a triangle with 2 putative tetraploid embryos. Microsatellite analysis indicated that the 137-cells contributed to placenta as well. One of the problems encountered was the loose connection between each of the 137-cells in the clump, which made it difficult to sandwich the clump between of the 2 tetraploid embryos. Consequently the 137-cells as outer cells contributed to the placenta. The birthweight of Calf 5.3, Exp. No. 4, was twice the average birthweight of Japanese Black cattle. However, in murine aggregation chimera, there are no reports showing abnormal birthweight from the aggregation using 2 or 3 embryos [11, 12, 14, 28, 29] . Consequently, the cause of increased birthweight of the calf derived from ES-like cells aggregated with 2 embryos is unclear. However, there were 2 abnormal calves: one was stillborn and another one died shortly after birth. Nagy et al. [12] suggested that minor genetic changes or changes in DNA methylation and imprinting in the ES cells as a result of culture underlie phenomena such as a decline in developmental potential. Accordingly, further investigation is needed to clarify the cause of increased birthweight.
The putative tetraploid embryos did not develop as complete tetraploid embryos, and this resulted in the production of chimeric calves. However, cloned animals would be produced by the aggregation technique if it were possible to identify complete tetraploidy before aggregation. In addition, it seems that we need more experiments on aggregation of bovine parthenogenetic embryos, instead of tetraploid embryos, and bovine ES-like cells or quiescent somatic cells, instead of ES-like cells.
